Introduction {#s1}
============

Leaf area is considered a major factor in determining crop carbon accumulation and nitrogen storage capacity, ultimately affecting crop yield. Leaf expansion leading to leaf area development is well recognized as being sensitive to soil water deficits ([@CIT0030]; [@CIT0024]). Less well recognized is that high atmospheric vapour pressure deficit (VPD) may negatively affect leaf expansion rate, even in well-irrigated plants ([@CIT0024]). [@CIT0011] found that leaf elongation rate of maize (*Zea mays* L.) was greatly influenced by high evaporative demand.

The role of water relations in controlling leaf expansion under water-deficit stress has been controversial. Some studies emphasized that leaf expansion is strongly driven by cell turgor ([@CIT0001]; [@CIT0016]), whereas others have emphasized the role of signals from roots ([@CIT0015]; [@CIT0023]). In the study of [@CIT0011] with maize, leaf expansion was highly sensitive to the VPD environment around the plants. Pressurization of the root system to overcome hydraulic conductance limitations under high VPD restored the original leaf elongation rate. The results of [@CIT0021] with barley (*Hordeum vulgare* L.) also pointed to a hydraulic component in leaf expansion as the negative effect on leaf expansion when subjected to VPD of 2 kPa disappeared when plants were kept turgid by pressurizing their root system. In addition, [@CIT0011] showed that treatment of roots with aquaporin inhibitors also resulted in decreased leaf elongation rate.

In soybean (*Glycine max* (L.) Merr.), transpiration rate (TR) response to changes in VPD has been shown to vary among genotypes ([@CIT0012]). Genotype PI 416937 expressed limited TR at high VPD (\>2.2 kPa) and the response was associated with low leaf hydraulic conductance ([@CIT0029]). Low leaf hydraulic conductance in PI 416937 seems to be linked to aquaporins based on transpiration responses to feeding leaves aquaporin inhibitors and on gene expression studies ([@CIT0025]; MJ Devi *et al*., unpublished results). Even though PI 416937 has become an important parent in soybean breeding programmes ([@CIT0010]), there are no reports of the influence of VPD on leaf expansion in PI 416937.

In a recent transcriptome profiling study of PI 416937 to high VPD for four hours, most of the genes related to cell wall development such as expansins and extensins were down-regulated along with aquaporin down-regulation (MJ Devi *et al*., unpublished results). Expansins are proteins involved in cell wall loosening ([@CIT0019]) and expressed in all expanding parts of the plants or in organs that undergo cell wall modifications ([@CIT0014]; [@CIT0031]). Up- and down-expression of expansin genes have been shown to have effects on leaf expansion, root development, and internodal development ([@CIT0005]; [@CIT0006]; [@CIT0006]). Extensins constitute one of the classes of the plant structural proteins that play a central role in plant form and development ([@CIT0028]). The deposition of the extensin network is important during development for correct primary wall assembly ([@CIT0009]), the definition of cell morphology ([@CIT0004]), and the regulation of cell elongation ([@CIT0002]).

The objective of this paper was to document changes in leaf expansion when exposed to differing VPD for PI 416937, a limited-TR genotype, and two genotypes (PI 471938 and Hutcheson) that exhibit no transpiration limitation under high VPD. The response of leaf expansion to low and high VPD was measured on intact plants grown in the stable environment of growth chambers. Daily TR was also determined to confirm differences among genotypes in response to VPD. Along with leaf expansion and TR, the expression of three soybean expansin and one extensin genes were measured in leaves sampled from plants exposed to prolonged high and low VPD conditions.

Materials and methods {#s2}
=====================

Plants and growth conditions {#s3}
----------------------------

Three soybean genotypes, PI 416937, PI 471938, and Hutcheson, were selected for this study to document the effect of VPD on development and expansion of leaves. Seeds of the three genotypes were obtained from Tommy Carter, USDA-ARS, Raleigh, NC. Two experiments were performed in the periods of 15--21 January 2013 and 12--18 February 2013. Both experiments were done in growth chambers in the Phytotron of North Carolina State University, Raleigh, NC.

Pots (20-cm diameter, 5kg soil) were filled with Gardenplus top soil (\#92432, Lowes Inc., NorthWilkesboro, NC), containing 14-6.1-10 N-P-K fertilizer. Ten pots of each genotype were sown with three seeds per pot. The seeds were treated with *Bradyrhizobium* bacteria (Nitragin, Inc., Brookﬁeld, WI) before sowing. The plants were initially grown in a greenhouse for about 25 days with air temperature regulated at 30 °C day/26 °C night.

To initiate the experiment on the response to VPD, all plants were moved to a low-VPD walk-in growth chamber. The range of daytime temperature in the chamber was between 28--30 °C and the night-time temperature was 26 °C. Relative humidity in the low-VPD chamber was regulated between 66--72% by using a humidifier (Vicks ultra-sonic humidifier, V5100N). Therefore, the VPD in the chamber was 1.2--1.6 kPa.

In the evening before the start of the experiment, all pots were saturated with water and allowed to drain overnight so the plants were in a well-watered condition. The following morning after the pots were no longer dripping, the soil was covered with aluminium foil and sealed around the plant stem to avoid evaporation from the soil. The initial weight of the pots was recorded immediately after installing the aluminium foil. On all days, pots were weighed in the afternoon and differences in weight between consecutive days were used to calculate daily TR.

On each of the first two days of the experiment, all plants were kept in the low VPD chamber to measure TR and leaf area for use in subsequent normalization of results. On the third day, half the plants were moved to a high-VPD chamber resulting in five replicate plants in each VPD treatment per genotype. The daytime temperature of the high-VPD chamber was regulated between 32--35 °C and the night-time temperature was 26 °C. The relative humidity in the high-VPD chamber was at 38--42% by use of a dehumidifier (Fantech, model GD555). Consequently, the VPD in this chamber was 2.8--3.2 kPa.

The plants were kept in their respective VPD treatments for five days. Each pot was weighed daily to obtain TR. Pots were re-watered each day with the amount of lost water to avoid any water-deficit stress.

Plant leaf area expansion was estimated by calculating the difference in leaf area between successive days. Leaf area was determined for each expanding leaf on each plant based on measurement of the length of the central leaflet of each leaf and an allometric relationship between leaf area and leaflet length. Before starting the experiments, an allometric relationship for each genotype was developed by regressing trifoliolate leaf area (cm^2^) against central leaflet length (cm) ([@CIT0026]) as follows:
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Total leaf area per plant was obtained by summing the area of the individual trifoliolate leaves.

Total number of leaflets per plant in two treatments was counted before the start of the experiment and at the end of the experiment. Number of leaflets produced during the experimental period was calculated as the difference between the measured values at the beginning and end of the experiment.

RNA isolation and real time quantitative PCR {#s4}
--------------------------------------------

Three replicate leaf samples for RNA isolation were collected in the second experiment from both the low and high VPD treatments on the fifth day after the VPD treatments were initiated. The samples were stored at --80 °C until they could be processed for molecular analysis. Total RNA was extracted from the leaf using the Qiagen RNeasy plant kit according to the manufacturer's instructions. After DNaseI treatment (Ambion), RNA was quantified by measurement on a NanoDrop 1000 (Thermo Fisher, Waltham, MA), and the integrity and concentration was confirmed by running the samples on a denaturing agarose gel.

The selection of the expansin and extensin genes to be evaluated was aided by a transcriptome profiling experiment determining the effects of high VPD on gene expression of leaves from PI 416937 (MJ Devi *et al*., unpublished results). Nine expansin genes and four extensin genes were down-regulated when exposed to high VPD (data not shown). However, the effect of high VPD on leaf expansion was not measured. Based on the largest changes in gene expression with exposure to high VPD, three expansin genes (Glyma01g06030, Glyma11g26240, and Glyma20g04490) and one extensin gene (Glyma13g24720) were selected for determination of expression in the current study.

Genes EF-1 (elongation factor-1) and UKN-2 (unknown function-2) of soybean were used to normalize all values in the QRT-PCR assays. Expression of these genes have been reported to be stable across developmental stages and under abiotic stress in soybean ([@CIT0017]), and the stability of expression of these genes was consistent with the observations in the treatments used in these experiments. Primers for QRT-PCR were designed using Primer3 software. Primer sequences are listed in [Table 1](#T1){ref-type="table"}. QRT-PCR reactions were performed using SYBR Green iTaq Universal probes one-step kit, 500×20 µl reactions (\# 172--5141, Bio-rad) on a Bio-rad CFX Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) following the manufacturer's instructions. One microliter of synthesized cDNA (diluted 1:10) was used as template. Primer efficiency was determined as explained in [@CIT0022]. The amplification reactions consisted of a 2-min denaturing step at 95 °C, followed by 40 cycles at 95 °C for 10 s, 60 °C for 30 s, and 70 °C for 30 s, ending with a melting curve program at 70 °C for 30 s. Three replicate reactions per sample were used to ensure statistical significance. The RNA from each sample was analysed simultaneously. Expression levels for all candidate genes were computed based on the stable expression level of the reference gene as described by [@CIT0022]. Expansin and extensin gene expression under high VPD were calculated relative to the gene expression under low VPD. Analyses of the melting curve were consistent with a single amplicon.

###### 

Phytozome accession number, its tentative annotation, primer efficiency, forward and reverse primers, and Tm of the primer sequences used in the study

  Gene              Tentative annotation   Primer efficiency   Forward sequence                  Reverse sequence                Tm (°C)
  ----------------- ---------------------- ------------------- --------------------------------- ------------------------------- ---------
  Glyma01g06030.1   Expansin               1.85                CTCAATTCCGCTAGAGAGGC              CATACACTAACACTTAAATTGAGG        52
  Glyma20g04490.1   Expansin               1.89                TGTTGTCCAAAGTTCTAAGTCAC           CTAGTATACTAACCAGTCATCA          52
  Glyma11g26240.1   Expansin               1.86                ACATTATTGCAAATTTACAATGGG          GAATCAATACCTATTAATGACAC         52
  Glyma13g24720.1   Extensin               2.00                CGCAGTTCAAGGAGTTGTTTATG           TCACAACGGCACCAAGTAG             52
  Ef-1                                     2.00                CTG TAA CAA GAT GGA TGC CAC TAC   CAG TCA AGG TTT GTG GAC CT      55.5
  UKN 2                                    1.90                GCC TCT GGA TAC CTG CTC AAG       ACC TCC TCC TCA AAC TCC TCT G   57.4

Data analysis {#s5}
-------------

The effects of VPD on TR and leaf area expansion rate were compared among genotypes by normalization so the initial reference data were all centred on a value of one. The normalization was done using the data measured under low VPD conditions for two days before the start of the experiment. The daily TR and leaf expansion rate during the treatment period following the initial two days was divided by the average TR and leaf area expansion rate for the initial two days.

Leaf expansion rate per day, leaflet number, leaf area, and gene expression data were analysed for their genotypic differences using ANOVA by Tukey's method.

Results {#s6}
=======

Transpiration rate {#s7}
------------------

Daily TR was measured for the three genotypes over five days of exposure to differing VPD environments. The TR results between the two experiments for each VPD treatment and genotype were not significantly different (*P*\<0.05), so the data for the two experiments were pooled. The TR differences between the high and low VPD treatments measured on the first day remained the same over all days of the experiments. As expected, the normalized transpiration was greater in the high VPD as compared with the low VPD treatment for all three genotypes. However, the amount of transpiration increase differed substantially among genotypes. The average increase over all days in TR for the high VPD treatment was 34.5±2.79% for slow-wilting VPD-sensitive PI 416937, 58.5±5.87% for slow-wilting VPD-insensitive PI 471938, and 86.8±4.97% for fast-wilting VPD-insensitive Hutcheson.

Leaf expansion {#s8}
--------------

Similarly to TR, leaf expansion rate results between the two experiments did not differ significantly (*P*\<0.05) for each VPD treatment and genotype. Again, the data for the two experiments were pooled. These results showed that the temporal changes in leaf area expansion in response to VPD were different from the TR response ([Fig. 1](#F1){ref-type="fig"}). On the first day following imposition of the two different VPD treatments, there was no change in leaf expansion rate. On Day 2, the rates were not significantly different between the two VPD treatments, though a trend seemed to be emerging leading to differences. On the third day for PI 416937 and fourth day for PI 471938 and Hutcheson, the leaf expansion rate in the high VPD treatment was significantly less than the low VPD treatment. The differences between the two VPD treatments for all three genotypes were essentially stable on Day 4 and 5. The average decrease in leaf expansion during the last two days was significantly different among genotypes with values of decrease of 31.9%±0.99 for PI 416937, 25.5±0.57 for PI 471938, and 18.1%±2.11 for Hutcheson.

![Mean normalized leaf expansion rate of (A) PI 416937 (B) PI 471938 and (C) Hutcheson during the VPD treatments following the initial two days of measurement in the low VPD chamber. The results were plotted against days since the initiation of the treatments in the high VPD chamber (open circles) and in the low VPD chamber (closed circles). The standard error bars are plotted for the mean on each day.](exbotj_eru520_f0001){#F1}

Leaflet number {#s9}
--------------

The number of leaflets formed during the experimental period was significantly different (*P*\<0.05) from low to high VPD in PI 416937 in both the experiments, but did not vary in PI 471938 and Hutcheson ([Fig. 2](#F2){ref-type="fig"}). For PI 416937, the number of leaflets formed in low VPD conditions was 11±0.57 and 11±1.0 in Experiment 1 and 2, respectively, whereas in high VPD conditions the leaflet number was 9±0.74 and 9±0.70 in Experiment 1 and 2, respectively.

![Mean of leaflets formed during experimental period for each VPD treatment and each experiment by PI 416937, PI 471938, and Hutcheson. The standard error bars are plotted for each treatment. The asterisk (\*) shows values are significantly different at *P*\<0.05 based on *t*-test, and NS indicates non-significance.](exbotj_eru520_f0002){#F2}

Expansin and extensin gene expression {#s10}
-------------------------------------

The three expansin genes and one extensin gene were generally down-regulated under the high VPD treatment as compared with the low VPD treatment, consistent with transcriptome profiling data (MJ Devi *et al*., unpublished results), although there were some genotype-specific effects ([Fig. 3](#F3){ref-type="fig"}). The difference in expression was especially marked for PI 416937 in which the expression of all genes under high VPD was near zero. Expression of the expansin Glyma01g06030 gene ([Fig. 3A](#F3){ref-type="fig"}) for all genotypes was down-regulated in the high VPD treatment as compared with the low VPD treatment. The high VPD treatment resulted in down-regulation of expansin Glyma11g26240 in PI 416937 but there was no significant difference between the VPD treatments for the other two genotypes ([Fig. 3B](#F3){ref-type="fig"}). For expansin gene Glyma20g04490 and extensin gene Glyma13g24720, there was down-regulation at high VPD for PI 416937 and PI 471938 but there was no significant difference in Hutcheson ([Fig. 3C](#F3){ref-type="fig"}, [D](#F3){ref-type="fig"}).

![Relative expression of three expansin genes (A) Glyma01g06030, (B) Glyma11g26240, (C) Glyma20g04490, and one extensin gene (D) Glyma13g24720 in PI 416937, PI 471938, and Hutcheson under high VPD conditions. The standard error bars are plotted for each treatment. The asterisk (\*) shows significant difference between VPD treatments at *P*\<0.05 and NS indicates non-significance.](exbotj_eru520_f0003){#F3}

Discussion {#s11}
==========

An objective of this study was to document the influence of VPD on leaf expansion rate of three soybean genotypes, which exhibit differences in their TR responses to increasing VPD. The results presented here showed that all three genotypes exhibited depressed leaf area development under elevated VPD ([Fig. 1](#F1){ref-type="fig"}). The decrease in leaf area under the high VPD treatment ([Fig. 2](#F2){ref-type="fig"}) was associated with a decreased leaf expansion but not with a reduction in leaflet number as the number was only slightly decreased (PI 416937) or not at all (PI 471938 and Hutcheson). The observed sensitivity of leaf expansion in these soybean plants to elevated VPD is consistent with observations of leaf expansion in miscanthus and maize ([@CIT0001]; [@CIT0007]), even though previous studies were performed on individual leaves by exposing them to short term (minutes to hours) VPD changes. Furthermore, in the studies of [@CIT0007] and [@CIT0001], the decrease in leaf expansion rate in response to high VPD was transient. In the current study, the full effect of the high VPD treatment developed over several days resulting in lower expansion rates.

The genotypes differed in their decrease in leaf expansion under high VPD conditions. PI 416937 had the largest decrease followed by PI 471938, and Hutcheson was the least sensitive. The decrease in leaf expansion of PI 416937 was almost double that of Hutcheson. This difference among genotypes was the opposite of the transpiration response to high VPD. The TR increase under high VPD for PI 416937 was only 34%, whereas the increase by PI 471938 was 58% and by Hutcheson was 87%.

The difference in long-term water loss among genotypes is consistent with the reported differences in expression of the limited-TR trait in these genotypes. Limited TR has been reported in PI 416937 at VPD greater than about 2.2 kPa ([@CIT0012]; [@CIT0029]), whereas no limitation on TR at high VPD was reported for PI 471938 ([@CIT0012]) or Hutcheson when measured in temperatures of the current experiment ([@CIT0027]). As the basis for the limited-TR in PI 416937 was linked to a low hydraulic conductance in the xylem-to-guard-cell pathway in the leaves of this genotype ([@CIT0029]), it seems a different mechanism is needed to explain the decrease in leaf expansion under high VPD. A possibility explored in this study was that expression of expansin and extensin genes might be altered under high VPD.

Expansin and extensin genes are involved in cell wall loosening, growth maintenance, and development. When plants are exposed to water-deficit conditions, cell walls of the leaf tissues becomes less extensible reducing tissue expansion rate ([@CIT0008]). Several expansin genes were affected by drought stress and their expression was well correlated with the elongation rate in leaves ([@CIT0020]; [@CIT0033]). Down-regulation of several cell wall extensins were found in a leaf-elongation tolerant variety of rice (*Oryza sativa* L.) and up-regulated in a sensitive variety ([@CIT0003]). Suppression of most expansin genes in *Arabidopsis* resulted in repression of growth during the later stage of leaf development ([@CIT0013]).

In tests with PI 416937 (MJ Devi *et al*., unpublished results), after 4h exposure to high VPD three expansin genes and one extensin gene were identified showing substantial down-regulation. These results were confirmed in this study using leaves harvested from plants subject to five days of VPD treatment ([Fig. 3](#F3){ref-type="fig"}). The lowest expression of all four genes was observed in PI 416937 in comparing the high VPD treatment with the low VPD treatment. Down-regulation was also observed for all four genes in PI 471938 but not nearly to the same extent as in PI 416937. This quantitative difference aligns with the greater loss in leaf expansion in PI 416937 as compared with PI 471938 under high VPD.

The transcript number of Hutcheson for these four genes was mixed. Two genes, expansin Glyma01g06030 and extensin Glyma13g24720, showed decreases, although not to the level of either of the other genotypes. There was no change in transcript number for the other two genes that were studied. The smaller change or no change in transcript number is consistent with the comparatively small change in leaf expansion under high VPD.

Overall, genotypic differences in leaf area development under high VPD were clearly demonstrated. Although little or no change in leaf appearance was shown in this study, differences were observed in overall plant leaf area under high VPD. Therefore, these results showed that leaf area expansion is a key difference among these soybean lines to high VPD. The comparison among genotypes showed a negative relationship between changes in TR and leaf area expansion under high VPD. That is, under high VPD, higher TR was associated with lower leaf area expansion rates as shown in the results for Hutcheson. The results of PI 416937 are particularly interesting because expression of the limited TR and lower plant water loss was associated with the greatest loss in leaf expansion. The loss in leaf expansion was associated with decreased number of transcripts for the four genes related to leaf expansion that were documented in this study. These results indicate the possibility of an adjustment in transcript number in response to changes in the VPD environment. The linkage between VPD environment and gene expression is unknown but seems to offer a fertile opportunity for future research.

TR

:   transpiration rate

VPD

:   vapour pressure deficit.
